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Abstract The middle to late Holocene (8,200 years ago to present) in the Arctic is characterized by
cooling temperatures and the regrowth and advance of glaciers. Whether this Neoglaciationwas a threshold
response to linear cooling, or was driven by a regional or Arctic-wide acceleration of cooling, is unknown.
Here we examine the largest-yet-compiled multiproxy database of Arctic Holocene temperature change,
along with model simulations, to investigate regional and Arctic-wide increases in cooling rate, the
synchronicity of Neoglacial onset, and the observed and simulated rates of temperature change. We ﬁnd
little support for an Arctic-wide onset of Neoglacial cooling but do ﬁnd intervals when regions experienced
rapid increases in long-term cooling rate, both in the observations and in climate model simulations. In
the model experiments, Neoglacial cooling is associated with indirectly forced millennial-scale variability in
meridional heat transport superposed on the long-term decline of summer insolation.
Plain Language Summary Arctic summer temperatures have decreased for the past 8,000 years,
before rapidly warming over the past century. As temperatures cooled, glaciers that had melted began to
regrow throughout the Arctic, a phenomenon and a time interval known as Neoglaciation. This study seeks
to understand the nature of this cooling and whether or not this indicates a tipping point in the climate
system. Speciﬁcally, we use a large database of records from ice cores, lakes, ocean sediment, and more
paleoclimate archives to detect patterns of cooling. We investigate these patterns, and climate model
simulations, to determine what parts of the Arctic experienced Neoglaciation at the same time, how rapidly
it cooled, and what climate models indicate about the causes of cooling. We ﬁnd that the Arctic did not cool
simultaneously, but diﬀerent regions cooled at diﬀerent times and that the climate models perform well
when simulating both the timing and amount of Arctic cooling.
1. Introduction
By themiddle of the twentieth century, an interval of middle to late Holocene glacial advance had been iden-
tiﬁed in the American Cordilleras and the Arctic (Porter, 2013). Porter andDenton deﬁnedNeoglaciation as the
the climatic episode characterized by rebirth and/or growth of glaciers following maximum shrinkage during the
Hypsithermal interval. At the time, Neoglaciationwas thought to be an asynchronous (and possibly time trans-
gressive) event. Subsequently, Neoglaciation has been identiﬁed throughout the Arctic, both through glacial
geologic evidence of advance (cf. Matthews, 2013; Solomina et al., 2015) and in continuous records of cli-
matic and glacial variability from lake sediments (e.g., Bakke et al., 2005; Kaplan et al., 2002;McKay & Kaufman,
2009). The middle to late Holocene advance of glaciers in the Northern Hemisphere is an expected response
to decreasing summer insolation during the epoch (about 20W/m2; supporting information Figure S1; Berger
& Loutre, 1991). However, some have suggested (Clegg et al., 2011; Miller et al., 2012, 2017) that Neoglacial
cooling was a widespread, nonlinear response of Arctic climate to linear forcing and represents a large-scale
tipping point in the Arctic system. At the site level, it is diﬃcult to determine whether an observed nonlinear
change in temperature or glacier extent was driven by a threshold response in a local system or a tipping
point in larger-scale Arctic climate. Additionally, although the spatial structure of the start and end of the
Holocene Thermal Maximum (HTM) has been studied in the Arctic using both proxy evidence (Kaufman et al.,
2004) and climate models (Renssen et al., 2009), the spatiotemporal pattern of Holocene cooling may not
match that of the warming, especially because the pattern of warming was controlled by the size and loca-
tion of residual ice sheets and the rise of sea level to open channels between the Arctic and Atlantic, neither
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Figure 1. Spatiotemporal paleoclimate data coverage. (a) Geographical distribution by archive type. (b) Temporal
resolution determined as the median diﬀerence between successive observations. Shapes as in (a), resolution encoded
by color. (c) Temporal availability. Colors correspond to archive types in (a).
of which inﬂuenced the pattern of cooling following the HTM. Here we examine the spatiotemporal patterns
of the onset of Neoglacial cooling, and the rate of cooling, in a large collection of Arctic paleotemperature
records. If acceleration of cooling and the regrowth of glaciers were primarily a threshold response to linear
summer cooling, the timing would be primarily controlled by local conditions, including elevation, continen-
tality, geomorphology, and the hypsometry of each location, and little regional or Arctic-wide similarity in
the timing of the onset is expected. Alternatively, if the onset of Neoglaciation is driven by a regional climate
phenomenon, the timing of onset should be regionally coherent and associated with large-scale spatiotem-
poral patterns. As a further test, we also examine the onset of Neoglacial cooling in climatemodel simulations,
where local threshold eﬀects areminimal and nonlinear responses to forcing are driven by large-scale climate
dynamics.
2. Methods
2.1. Arctic Holocene Paleoclimate Data
To examine spatiotemporal patterns ofNeoglacial cooling in theArctic,weuse theArcticHolocene Transitions
database version 2.0 (Sundqvist et al., 2014) supplemented by six additional marine sediment records from
theNorthAtlantic described in Sejrup et al. (2016). In total, observations from144 sites north of 57∘N that span
at least the interval from 6 to 2 ka with median Holocene temporal resolution of <500 years were included
in the analysis (Table S1 and Figure 1). The original studies that describe each reference are cited in Table S1.
The Arctic Holocene Transition database is primarily composed of records derived frommarine and lacustrine
sediments with additional data sets from glacier ice, peat, speleothems, and tree rings. Spatially, the network
of observations is densest in Fennoscandia, Alaska and Yukon, and the North Atlantic. Eastern Canada and
Greenland are also fairly well represented. Arctic Russia and the Arctic Ocean have little to no data coverage,
which reﬂects the logistical and political challenges of acquiring data from these regions. Of the 144 records
used in this analysis, 139 were interpreted by the original authors to represent temperature variability, and
ﬁve were interpreted to represent the equilibrium-line altitude of glaciers. All of the temperature-sensitive
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data sets are used to investigate the timing of Neoglacial cooling, whereas only the 108 records that were
quantitatively calibrated to temperature, and thus in units of degrees Celsius, are used to examine the rate of
Neoglacial temperature change.Most of the records include somegeochronological uncertainty, which could
aﬀect both timing and detection of the onset of Neoglaciation. We used Bacon (Blaauw & Christen, 2011) and
Banded Age Modeling (Comboul et al., 2014) to create age ensembles for all data sets and propagated these
ensembles through all analyses to quantify the impact of age uncertainty (see supporting information).
2.2. Climate Model Simulations
Weanalyzedmodel output from the Transient Climate Evolution of thepast 21 kyr (TraCE-21) experiments (Liu
et al., 2009) to assess potential nonlinear transient responses to low-frequency forcing in the Arctic system.
These simulations were conductedwith the Community Climate SystemModel, version 3 (Collins et al., 2006),
at T31 resolution (about 3.75∘ horizontal). In the fully forced experiment, only orbital and greenhouse gas
forcings are changing during the mid-Holocene, both of which are approximately linear during the interval.
We also investigate changes in orbit, greenhouse gases, meltwater, and ice coverage in single-forcing exper-
iments conducted as part of TraCE-21. Greenhouse gas concentrations were derived from Joos and Spahni
(2008), the height and extent of ice sheets was derived from Peltier (2004), and changes in insolation were
taken from Berger (1978). The details of the formulation of the meltwater ﬂuxes are described in Liu et al.
(2009). In the single-forcing experiments, the geography is held at 21-ka conditions, which means that the
Bering Strait remains closed through the Holocene. We also examine two long (1,500- and 3,000-year-long)
equilibrium simulations with the same model (Danabasoglu & Gent, 2009).
To examine Holocene temperature change in a greater number of models, we compare mid-Holocene and
preindustrial simulations from the PaleoclimateModeling Intercomparison Project phase 3 (PMIP3; Braconnot
et al., 2011; Harrison et al., 2014). These simulations were run with constant forcings at 6 and 0 ka, so they
cannot be used to examine the timing of Neoglacial cooling but do oﬀer a perspective on mid-Holocene
temperature anomalies across a wide ensemble of general circulation models.
2.3. Detection of the Onset of Neoglacial Cooling
To objectively quantify the timing, and uncertainty, of nonlinear and persistent increases in cooling rate, we
developed an iterative algorithm that uses broken stick regression (Muggeo, 2003) and searches for the fewest
number of signiﬁcant breaks (bends in a piecewise linear regression) that ﬁt the data using only changes in
slope that exceed the standard error of the slope of the previous segment. An implementation of this algo-
rithm in R (R Core Team, 2016), which relies on the segmented package (Muggeo, 2008), is available as part of
the GeoChronR package (McKay et al., 2018). We also quantify the impact of age uncertainty on this result,
applying the algorithm across 1,000 age ensemble members derived from either Bacon (Blaauw & Christen,
2011) or Banded Age Modeling (Comboul et al., 2014) age models, resulting in a large output ensemble that
quantiﬁes the uncertainty in onset timing due to both regression and geochronological uncertainty. We then
aggregate the distributions of cooling onset ages (the year in the record, with uncertainty, when cooling rates
accelerate) at regional and Arctic-wide scales. This methodology does not impose any a priori constraints on
the onset of cooling and can identify cooling that begins before or during what is classically deﬁned as the
HTM and may occur earlier than commonly deﬁned as Neoglaciation. However, the detected cooling events
are consistent with the deﬁnition of Neoglaciation of Porter and Denton (1967). To assess the robustness of
the results, we test a null hypothesis by repeating the full procedure on synthetic data that mimic the sam-
ple density, chronologic uncertainty, autocorrelation statistics, and ﬁrst-order trend of the observations (see
supporting information).
3. The Onset of Neoglacial Cooling
3.1. Acceleration of Holocene Cooling
The distribution of cooling onset ages and their uncertainties (Figure 2) reveals a complex and regionally vari-
able picture of Holocene cooling in the Arctic. Across all observations (Figure 2a), the area-weighted total
distribution of cooling onset ages indicates two primary intervals when cooling began or accelerated. The
ﬁrst, beginning ca. 7 ka primarily captures cooling following peak summer warm conditions in the early to
mid-Holocene, when nearly all Arctic glaciers were smaller than during the twentieth century (Figure 3).
Importantly, there is little evidence for earlier onsets of cooling, even in regionswhere peak Holocenewarmth
occurred early in the Holocene (Kaufman et al., 2004). The second interval, beginning around 2 ka, marks an
acceleration of cooling that is most prominent in the North Atlantic and Fennoscandia.
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Figure 2. Probability distribution of the timing of the onset of Neoglacial cooling. (a) Area-weighted average onset
probability, with uncertainty, for all regions. The 95% and 50% highest density regions incorporating age and broken
stick regression uncertainty shown in light and dark gray, respectively. Median probability shown as black line. Red line
denotes 95% threshold results from robust null hypothesis testing. (b–e) As in (a) but for each region. Note that the y
axis varies for each plot and is the largest for panel (c). (f ) Onset probability detected in TraCE-21 simulations. Quantiles
are not shown in (f ) because geochronologic uncertainty does not apply to the model simulations. Blue bars indicate
high probability density intervals plotted in supporting information Figure S2.
In addition to our null hypothesis testing, we also assess the consistency of the results when subdividing
the database by seasonality (summer compared to annual) and statistical treatment of the data (calibrated
compared to noncalibrated; supporting information Figures S5–S8). We ﬁnd similar results, regardless of how
the data are subdivided. Noncalibrated results are noisier and less signiﬁcant. This may indicate less robust
temperature sensitivity of these data, or reﬂect the impact of smaller sample sizes.
Notably, there is not signiﬁcant evidence for an onset of Neoglacial cooling occurring at or around 4.2 ka,
an interval often implicated for extreme events and Holocene state change (Walker et al., 2012). It has been
hypothesized that the 4.2 event is a hemispheric climate phenomenon that led to prominent glacier advance
in much of the Northern Hemisphere (Le Roy et al., 2017). There is some evidence for cooling and glacier
advances beginning around this time in Alaska (McKay & Kaufman, 2009), Greenland (Balascio et al., 2015),
Iceland (Geirsdóttir et al., 2018), and Norway (Bakke et al., 2010). However, acceleration of cooling ca. 4.2 ka
is uncommon, with a notable (but nonsigniﬁcant) peak in cooling onset probability around that time found
only in Greenland (2d).
The timingof the start of Neoglacial cooling clearly diﬀers among regions. Fennoscandia andRussia (although
the data coverage in Russia is limited) are dominated by cooling beginning in the early Holocene (Figure 2b).
Some North Atlantic data sets, especially those indicative of annual temperatures (supporting information
Figure S7), also show an early Holocene onset of cooling. However, many records in the region are charac-
terized by steady cooling throughout the Holocene until ca. 2 ka, when cooling accelerates in the region
(Figure 2c). Eastern Arctic Canada and Greenland show a more variable response without any intervals that
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Figure 3. Arctic glacier extent index. Mean qualitative status of Arctic
glaciers in 500-year intervals from 10 to 0 ka. Each bar indicates the mean
status (averaged over seven regions) for each interval, where 2 = Holocene
maximum position, 1 = advanced relative to modern position, 0 = modern
position, and −2 = retreated relative to modern position. Arctic glacier
status summary is derived from Solomina et al. (2015). Arrows highlight
primary intervals of glacier expansion.
appear to be regionally signiﬁcant (Figure 2d). Alaska and Yukon show
a borderline-signiﬁcant peak ca. 6 ka, an interval that does not appear
frequently in other regions (Figure 2e).
The variability in regional timing is consistent with recent regional syn-
theses of paleoclimate data and other evidence. In Alaska and Yukon,
generally warm conditions occurred from 7 to 5 ka, followed by cooling
resulting in glacier advances through the late Holocene, with the earli-
est between 4.5 and 4.0 ka (Kaufman et al., 2016). This aligns with peak
cooling onset times in the region between 6 and 5 ka (Figure 2e). In east-
ern Canada and Greenland, the timing of peak warmth wasmore variable:
more easterly and northerly sites tend to show earlier (ca. 8–7 ka) inter-
vals ofmaximumwarmth, whereas those to the south orwest experienced
peak warmth ca. 4 ka (Briner et al., 2016). This variability is reﬂected in the
distribution of the timing of Neoglacial cooling onset (Figure 2d), with the
highest probabilities following these two warm intervals. The latter inter-
val (ca. 4–3 ka) is also the Holocene minimum extent of the Greenland
Ice Sheet, with Neoglacial growth of the ice sheet beginning around this
time (Briner et al., 2016). In Fennoscandia, peakHolocenewarmthoccurred
much earlier andmore signiﬁcantly than in the other regions (Sejrup et al.,
2016), and Neoglacial began the earliest in this region as well (Figure 2b).
For the most part, the distribution of cooling onset timing is coherent
within each region, but the median distributions lie near the 95% thresh-
old of the robust null hypothesis test of our analysis. The variability in the
95% null threshold is driven by the interaction between the density of
observations at speciﬁc intervals in the data network and the ﬁrst-order trend present in each time series. The
result that there are few intervals of signiﬁcant change is indicative of both the variability of detected cooling
onsets dates in our analysis and the proclivity of autocorrelated data to include sustained changes in trend
that are detected by our broken stick regression approach. Nevertheless, the spatial clustering of the proba-
bilities (e.g., the peaks in probability ca. 2 ka in Fennoscandia and theNorth Atlantic that are absent inwestern
regions) are likely robust features of paleoclimate observations.
3.2. Evidence of Holocene Glacier Expansion in the Arctic
To compare our cooling onset results to regional and Arctic-wide intervals of glacier growth, we relied on
a recent synthesis of Holocene glacier status (Solomina et al., 2015). Like the pattern of Neoglacial cooling
onset (Figure 2), there is considerable variability in changes in glacier status, bothwithin andbetween regions.
Nevertheless, coherent regional and Arctic-wide patterns emerge. Consistent with increases in cooling rate,
the large-scale advance of glaciers begins earliest in Scandinavia (ca. 9–7 ka) andmost recently in Greenland
(ca. 4–3 ka).
To enable larger-scale comparison between Arctic Holocene glacier status and Arctic temperature change,
we developed a simple index to quantify and summarize the relative extent of glaciers in the Arctic regions
reported in Solomina et al. (2015). The ﬁrst-order structure of Holocene glaciation in the Arctic is a general
increase in the size of glaciers from the early Holocene through the Little Ice Age (Figure 3). From 8–6.5 ka,
glaciers were uniformly retreated throughout the Arctic. This is consistent with evidence for warm summer
temperatures in Alaska and Yukon (Kaufman et al., 2016), eastern Arctic Canada and Greenland (Briner et al.,
2016), the North Atlantic and Fennoscandia (Sejrup et al., 2016), and the northern high latitudes as a whole
(Marcott et al., 2013). The widespread warmth during this interval is likely attributable to the combination
of high summer insolation in the Arctic (Berger & Loutre, 1991) and the absence of remnant Pleistocene ice
sheets that persisted into the early Holocene (Peltier, 2004).
Following this interval of retreat, Arctic glaciers expanded until they reached, on average, near-modern
conditions between 4.5 and 2 ka (Figure 3). This represents the ﬁrst pulse of Holocene Neoglaciation. The
second major Neoglacial pulse began ca. 2 ka and culminated during the Little Ice Age when most Arctic
glaciers reached their Holocene maximum positions (Solomina et al., 2015). These pulses of Neoglacial
advance are consistent with direct evidence of ice expansion from kill dates of entombed plants from Arctic
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Figure 4. Climate forcings and simulated Arctic temperature and AMOC
variability over the past 10 kyr. (a) CO2 concentration. (b) Fraction of
Northern Hemisphere land covered by ice. (c) Northern Hemisphere
freshwater forcing. (d) June–August mean insolation at 65∘N. (e) Atlantic
Meridional Overturning Circulation (maximum MOC in the North Atlantic).
And (f ) area-weighted mean annual temperature anomaly north of 60∘N.
Data sources are given in the description of the model setup in section 2.
AMOC = Atlantic Meridional Overturning Circulation.
Canada (Miller et al., 2013) and Svalbard (Miller et al., 2017), including the
acceleration of advance during the past 2 kyr.
Arctic wide, these two major intervals of Neoglacial onset are consistent
with the timing of acceleration of Holocene cooling. Furthermore, we ﬁnd
regional agreement between Neoglacial cooling onset and the expansion
of glaciers. This supports the hypothesis that Holocene glacier regrowth
is not simply a local threshold eﬀect superposed on gradual cooling but
is associated with an increase in cooling rate. However, the cause of these
accelerations of cooling cannot be determined from the data alone.
3.3. Acceleration of Cooling in the TraCE-21 Climate Model Simula-
tion
As an additional exploration of the hypothesis that Arctic Neoglaciation
was driven by an increase in cooling rates, we apply the broken stick analy-
sis to simulations from the TraCE-21 project (Liu et al., 2009; see section 2).
This allows us to assess potential nonlinear transient climate responses to
near-linear forcing through the middle to late Holocene. Despite model
forcings that only change gradually (Figure 4) and the expected absence
of local threshold eﬀects due to the resolution of the model, the fully
forced TraCE-21 simulation reveals multiple intervals when the rate of
cooling in the Arctic signiﬁcantly increases. Overall, these onset events are
more signiﬁcant relative to the null hypothesis than in the proxy data set
(Figure 2f ).
The abundance and signiﬁcance of onset events in the TraCE-21 simula-
tion is an unexpected result. High-frequency climate forcings, including
volcanic and solar variability, were not included in the model simulation.
Although changes in these forcings very likely inﬂuenced the spatiotem-
poral pattern of real-world Neoglacial cooling, the simulations indicate
that nonlinear cooling can occur without high-frequency forcing. The ori-
gin of these rapid, indirectly forced, shifts in simulated temperature trends
provides insight into how slow changes in forcings and boundary condi-
tions can result in abrupt change in the Arctic. We refer to this variability as
indirectly forced because the model does not include submillennial-scale
forcing during this interval and because unforced control simulations do
not exhibit such variability. Arctic-wide mean annual temperature in the
simulation (Figure 4) is clearly driven by the combination of ice cover
and meltwater forcing in the early Holocene and the gradual decline of
summer insolationafter ca. 6 ka. Superposedon the long-term trend ispro-
nouncedmillennial-scale temperature variability, representing about 1 ∘C
of Arctic annual mean temperature variability on ∼1,500-year timescales.
Examination of the broken stick results indicates that this millennial-scale
oscillation is responsible for the change in cooling rates, as in many grid
cells the variability superposed on the long-term decline leads to a clear
change in trend (supporting information Figure S3).
Changes in the strength of Atlantic Meridional Overturning Circulation
(AMOC), and the associated meridional heat transport into the Arctic,
explain nearly all of the millennial-scale variability in Arctic temperature
and themajority of total variability in the temperature over the past 10 kyr
(R2 = 0.59). The cause of this variability in AMOC, however, is unclear, although the amplitude and timescale
of variability are consistent with reconstructions of Holocene AMOC variability (Ayache et al., 2018; Ritz et al.,
2013; Thornalley et al., 2009). The orbital-only single-forcing experiment shows millennial-scale variability in
AMOC, although at a smaller amplitude and shorter timescale than the fully forced simulation. None of the
other single-forcing experiments (greenhouse gases, ice sheets, and meltwater forcing) show any evidence
of low-frequency AMOC variability. The magnitude and frequency of AMOC variability in the single-forcing
experiments are diﬃcult to evaluate because the single-forcing experiments were run with sea level at Last
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Figure 5. Rate of simulated and observed Arctic Neoglacial temperature change. Simulated temperatures are annual mean surface air temperatures, whereas the
proxy data reﬂect a combination of annual and summer temperature changes (supporting information Table S1). (a) Distribution of cooling rates between
warmest and coldest 500-year intervals after 10 ka in each paleoclimate record (dark gray) and model grid cell (red). (b) Distribution of mean simulated and
observed temperature diﬀerences between the middle (7–6 ka) and late Holocene (1–0 ka) at each site (dark gray) or grid cell (red) for the fully forced TraCE-21
simulation. (c) Distribution of mean near-surface air temperature diﬀerence in the 6 ka minus preindustrial simulations from PMIP3. (d, e) As in (b) but for the
GHG-only (d) and orbital-only (e) simulations. (f ) Composite 6 ka minus preindustrial near-surface air temperature diﬀerences in PMIP3 simulations. In (a)–(e),
data are presented as probability density to facilitate comparison between the model and data distributions. The data distributions are identical for (b), (d), and
(e). Positive diﬀerences and rates indicate cooling from 6 to 0 ka. TraCE-21 = Transient Climate Evolution of the past 21 kyr; PMIP = Paleoclimate Modeling
Intercomparison Project phase 3; GHG = greenhouse gas.
Glacial Maximum conditions, meaning that the Bering Strait remained closed during the Holocene through
these simulations. Long control simulations with the same model and an open Bering Strait do simulate
increased variability in AMOC but not at the millennial timescales observed in the fully forced simulation
(Danabasoglu & Gent, 2009; supporting information Figure S3). Given the available simulations, orbital forc-
ing seems to be responsible for the simulated variability in AMOC. The mechanism for this is unclear and is
the subject of further research.
4. Rate of Neoglacial Cooling
We also compare the rate of temperature change in the Arctic during Neoglacial cooling in paleoclimate
observations and climate models. Model simulations for the Holocene disagree with proxy-based tempera-
ture reconstructions on the direction of global mean annual temperature trends, a mismatch known as the
Holocene conundrum (Liu et al., 2014). Recentwork suggests that thismismatch, at least in theNorthern Hemi-
sphere midlatitudes, may be driven by regional biases (an overemphasis on records from the North Atlantic)
and seasonal biases in the proxy data (Marsicek et al., 2018). We ﬁnd good agreement in the rate and direction
ofmiddle to late Holocene temperature trends in the Arctic betweenmodel simulations and the paleoclimate
data analyzed here.
We calculate Neoglacial temperature changes in two ways, (1) as the rate of change between warmest and
subsequent coldest half-millennium since 10 ka at each site and (2) as the simple diﬀerence in mean tem-
perature between the middle (7–6 ka) and late (1–0 ka) Holocene. Both approaches reveal strikingly similar
rates of Neoglacial temperature change between the data and the model simulations (Figure 5). Most proxy
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sites and model grid cells show modest Neoglacial cooling rates, with 84% of the records (90% of the model
grid cells) cooling at less than 1 ∘C/kyr (Figure 5a). Middle to late Holocene temperature diﬀerences are com-
parable and also reveal that, although the majority of sites and grid cells are characterized by cooling, both
the data (22%) and the model (19%) have sites that warmed during the late Holocene (Figure 5b). This result
is consistent with 12 additional climate model simulations used in PMIP3, indicating that this amount of late
Holocene Arctic cooling is a robust feature of both climatemodels and observations (Figure 5c). Interestingly,
in the simulations themost coolingoccurred in theArctic andNorthAtlanticOceans (Figure 5f ), regionswhich
also experienced signiﬁcant increases in seasonal sea ice (supporting information Figure S12).
Examining the middle to late Holocene temperature diﬀerences simulated in the single-forcing TraCE-21
experiments (Figures 5d and 5e) reveals that cooling simulated in the fully forced experiment is a balance
between substantial cooling driven by large decreases in insolation, especially in the summer, and slight
warming driven by increases in greenhouse gases. The strong agreement between Holocene temperature
reconstructions and model simulations in the Arctic suggests that the implementation of climate processes
and feedbacks is simulating realistic climate evolution, at least in this region. These results suggest that the
modeled feedbacks, including ice albedo eﬀects in the Arctic, are not signiﬁcantly biased on long timescales
and therefore are not the likely explanation for the Holocene conundrum. The observation that reconstructed
and simulated trends are comparable in the Arcticmay further implicate the bias in reconstructed seasonality
as a major contributor to the Holocene conundrum. Many paleotemperature records are known to be biased
toward summer or growing-season conditions (Leduc et al., 2010; Liu et al., 2014). This is also true in the Arctic
but may not bias long-term trends in temperature as substantially as at lower latitudes for two reasons. First,
increases in summer insolation and temperatures in the Arctic disproportionally impact annual temperatures
by controlling glacier and sea ice extent and the expansion of tundra over forest, together which have large
impacts on long-term annual mean temperature. This phenomenon is evident in PMIP3 simulations of the
mid-Holocene, which consistently show a sustained impact of increased summer insolation on temperature
anomalies into the Arctic fall and winter, despite decreases in insolation during these seasons (supporting
information Figures S10 and S11). Second, unlike at lower latitudes in the Northern Hemisphere, both sum-
mer and annual insolation decrease through the late Holocene due to changes in obliquity, which may mask
the impact of summer bias in the proxy data.
5. Conclusions
Our analysis of the largest-yet assembledmultiproxy database of Holocene temperature change in the Arctic,
paired with examination of climate model simulations, reveals three primary conclusions.
1. There is no evidence for a synchronous, Arctic-wide onset of cooling associated with Neoglaciation. How-
ever, within each region there are distinct intervals when the long-term rate of cooling increased. This
supports the hypothesis that the onset of Neoglaciation was driven, at least in part, by regional climate
dynamics. The regrowth and advance of glaciers in the late Holocene cannot be attributed to site-level
threshold eﬀects alone. It is therefore clear that, on Holocene timescales, the Arctic does not behave as a
single climatological unit, despite strong forcings.
2. The transient TraCE-21 climatemodel experiments also simulate nonlinear changes in Arctic temperature in
the late Holocene. Cooling onset events in the model are associated with millennial-scale variability in the
AMOC,which seems tobeassociatedwithorbital forcing, although theprecisemechanismsdriving this phe-
nomenon in themodel remain unclear. It is therefore uncertain towhat extent AMOCvariability contributed
to Arctic Neoglaciation. There is evidence for AMOC and temperature variability on similar timescales dur-
ing the Holocene (Hoogakker et al., 2011; Risebrobakken et al., 2011; Thornalley et al., 2009). Furthermore,
the superposition of millennial-scale variability in meridional heat transport with long-term declines in
summer insolation is a plausible explanation for the regional nonlinearity in Holocene temperature trends
in the Arctic.
3. Observed and simulated rates of late Holocene cooling in the Arctic are remarkably similar and reﬂect
orbitally driven summer cooling partially oﬀset by greenhouse gas warming during the Holocene.
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